Abstract-We utilize the mode-gap effect to design a tunable Y-shaped waveguide in the two-dimensional photonic crystal consisted of air holes infiltrated with polyaniline type electrorheological fluids in triangular lattices. By applying the electric field in the specific region, the refractive index of the fluids can be alternated to induce the mode-gap effect and the propagation of light in each arm of the Y-shaped waveguide is demonstrated to be controllable.
INTRODUCTION
Photonic crystals (PCs) are artificial dielectric materials that has the ability to control the propagation of light due to the existence of photonic band gaps [1, 2] . One can cause dispersion curves in the photonic band gaps by introducing a line defect in two-dimensional (2-D) PCs. The original dispersion curve will be shifted toward upper frequencies and a mode gap between the two curves will appear within the same photonic band gap as the effective index of PCs is decreased. If the frequency of light falls within this mode-gap range, light can only propagate on the original waveguide and is forbidden on the one with a smaller refractive index [3] [4] [5] [6] . Many applications have been proposed based on the mode-gap effect, such as dielectric mirrors with a very high reflectivity [3] , nanocavities with ultra-high Q values [4, 5] , and highly efficient multi-channel drop filters [6] . These PC devices also have the advantages to be easily integrated into optical circuits.
On the other hand, it is important to realize the tunable PC waveguides for the applications in the optical devices. The tunable PC waveguides utilizing liquid crystals as linear defects had been proposed [7, 8] . The refractive index of the liquid crystal can be tuned and the propagation characteristics of the PC waveguides will be changed by varying the external electric field. In this paper, we present a tunable Y-shaped waveguide in 2-D photonic crystals consisted of air holes infiltrated with polyaniline type electrorheological fluids which are composed of nanometer-size particles. By applying the electric field, the refractive index of the polyaniline type electrorheological fluids can be rapidly changed to induce mode-gap effect in the proposed structure and help control the propagation of light on the Y-shaped waveguide. Figure 1 is the schematic of a 2-D silica PC consisted of air holes in triangular lattices. The radius of air holes is 0.2a, where a is the lattice constant. The refractive index of the silica is n s = 1.5. The indium-tin oxide (ITO) electrodes are attached on the top and bottom of the regions 1 and 2, respectively. One can form the Y-shaped waveguide as shown in Fig. 1 by removing the air holes in Y shape. The air holes are infiltrated with polyaniline type electrorheological fluids to introduce the mode-gap effect in the Y-shaped waveguide. By applying the electric field, the refractive index of the electrorheological fluids can be alternated. As the applied electric field intensity is 2.8 V/mm, the refractive index of the fluids is n = 4.848 and n = 4.393 without and with the electric field, respectively [9] .
STRUCTURE AND METHOD
Two numerical methods including the plane wave expansion (PWE) method and the finitedifference time-domain (FDTD) method are utilized to investigate the propagation characteristics of the Y-shaped waveguide structures. The PWE method with a supercell approach which assumes the waveguide has a long period in other directions is adopted for the analysis of the dispersion relation of the guided modes on the Y-shaped waveguide. The dimension of the supercell should be large enough to get a better result. A TM input light is launched into the input of the Y-shaped waveguide and the FDTD method is used to obtain the light propagation characteristics of the 2-D Y-shaped waveguides with the perfectly matched layers (PMLs) as the boundary conditions. 
RESULTS AND DISCUSSION
We first consider the dispersion relations of the guided modes on a single-line-defect waveguide structure shown as the inset in Fig. 2 . By using the PWE method, the dispersion curve of the defect mode without the applied electric field can be successfully obtained and shown as the solid line in Fig. 2 . One can see that the frequency range of the guided modes lies between ωa/2πc = 0.231 to 0.305. We can design Y-shaped waveguides as shown in Fig.1 0.215, respectively. When the frequency of light is larger than 0.231, the light can pass through the main waveguide and be split into both arms due to the existence of guided modes as demonstrated in Fig. 3(a) . Contrarily, for the frequency is smaller than 0.231, no guided modes can be induced and the propagation of light is forbidden in the Y-shaped waveguide as shown in Fig. 3(b) .
As an external electric field is applied, the refractive index of fluids is decreased and the defect mode frequency becomes 0.241 to 0.317 as the dashed line in Fig. 2 . Comparing the two curves, one can observe that a mode gap as indicated in Fig. 2 from 0 .231 to 0.241 appears. We then use the mode-gap properties in the Y-shaped waveguide to control the propagation of light. The transmission spectrum of the upper arm is shown in Fig. 4 . The solid and dashed line represent the results without and with the external electric field in the region 1, which corresponds to n = 4.848 and n = 4.393, respectively. The FDTD method is utilized with the monitor placed in the output 1 to obtain the transmission properties. It can be observed that the transmission with the applied electric field is smaller than that without the electric field in the mode-gap region. With the applied electric field in the region 1, the transmission difference is larger than 20 dB, which indicates that light can't propagate into the output 1. Then we can control the light propagation on the Y-shaped waveguide by applying the electric field in the desired region. Fig. 5(a) . Similarly, when the electric field is applied in the region 1, light with the same frequency can only propagate into the lower arm and is forbidden in the upper arm as demonstrated in Fig. 5(b) . Therefore, we can successfully obtain a tunable Y-shaped waveguide by controlling the applied external electric field. 
CONCLUSIONS
In this paper, we use the mode-gap effect to design a tunable Y-shaped waveguide based on the two-dimensional photonic crystal composed of air holes infiltrated with electrorheological fluids in triangular lattices. By applying the electric field, the refractive index of the fluids can be changed and the mode-gap effect can be induced. The light propagation in each arm of the Y-shaped waveguide can then be controlled by selectively changing the position of the applied electric field. These results are useful for further designs of optical switching devices.
